Abstract. A FEM simulation program for induction hardening of sintered metal shafts was made up. Physical properties of the sintered metal were measured. An electromagnetic field analysis, a heat conduction analysis and an elastic-plastic stress analysis during the induction hardening process of sintered metal shafts were carried out for various hardening conditions by using the measured material data and the simulation program. The effects of the electric power and the frequency on the temperature and the stress during the induction hardening process of the sintered metal shaft and the residual stress were examined. The map for selecting the optimum heating condition (P, f) for the residual stress of the sintered metal shaft due to the induction hardening was indicated.
Introduction
Powder metallurgy (P/M) is a process in which solid components are fabricated by the consolidation of metallic materials in powder form. The major benefit of the P/M process is to be able to manufacture net-shape (i.e., ready-to-use) components at an economical cost. For higher load bearing capacity of sintered P/M steel (sintered metal) components, they are generally induction hardened. The induction hardening process is accomplished in a much shorter time with less energy and also results in far less part (workpiece) distortion and grain coarsening than carburizing. And the induction heat treatment is well suited to in-line processing and flexible manufacturing cells [1] . Residual stresses and hardened layers are generated at the surface of the shaft by the induction hardening, and have much influence on the strength of the shaft. The generation of residual stress and hardened layer along the surface of the shaft depends on the induction hardening condition. Therefore, it is necessary that the effects of the hardening condition on the residual stress and the hardened layer are determined. Authors have theoretically studied residual stresses and hardened layers of wrought steel (S35C) shafts with uniform section due to the single frequency induction hardening and shouldered shafts due to the dual frequency induction hardening [2] [3] [4] [5] . In the present paper, the simulation of induction hardening process of sintered metal shafts was investigated. A FEM simulation program for induction hardening of axisymmetric sintered metal machine elements was made up. Physical and mechanical properties of the sintered metal needed for the simulation were measured. An electromagnetic field analysis, a heat conduction analysis and an elastic-plastic stress analysis during the induction hardening process of sintered metal shafts were carried out for various hardening conditions by using the measured material data and the simulation program, considering changes of the magnetic permeability, the resistivity, the thermal expansion coefficient and the yield stress with the temperature. The effects of the electric power and the frequency on the temperature and the stress during the induction hardening process of the sintered metal shaft and the residual stress were examined. Furthermore, the results of the sintered metal shaft were compared with those of the wrought steel (S35C) shaft.
Chemical Compositions and Physical Properties of Sintered Metal
Chemical compositions of the sintered metal H130 used in this analysis are shown in Table 1 . In order to simulate the induction hardening process of sintered metal shaft, physical properties of H130 were measured. Figure 1 shows relation between the specific permeability µ r and the temperature measured for H130 and wrought steel. µ r of H130 is much smaller than that of the wrought steel. In the simulation of induction hardening process, µ r was calculated by the equations shown in Fig.1 . Figure 2 shows relation between the resistivity ρ and the temperature measured for H130 and the 382 Heat Treatment of Materials wrought steel. In the simulation of induction hardening process, ρ was calculated by the equations shown in Fig.2 . Figure 3 shows the relation between the yield stress and the temperature measured for H130. In Fig.3 , V m denotes the volume % of Martensite content. Figure 4 shows the relations between Vickers hardness, Martensite content and maximum cooling rate measured for H130 and S35C [8] . Results of Fig. 4 were used for the calculation of the hardness of each element of FEM model due to the induction hardening.
The heat transfer coefficient h, the density ρ 0 , the specific heat c, the thermal conductivity λ of H130 were assumed as h=5 814 W/(m 2 K), ρ 0 =7 860 kg/m 3 , c=532 J/(kg K) and λ =23.2 W/(m K), respectively, on the basis of measured results.
Eddy Current, Temperature and Stress Analyses by FEM
Computation procedures. The eddy current, the temperature and the stress during the induction heating and water cooling processes of the sintered metal shaft are able to be calculated as an axisymmetric problem. In this computation, a simulation program for axisymmetric sintered metal machine elements was made up using FEM electromagnetic, heat conduction and elastic-plastic stress analyses [6] [7] [8] and measured values of physical properties. Hardness values of each element were calculated by using the relations between the maximum cooling rate and the hardness value and between the amount of martensite and the hardness value [8] . The validity of this simulation method was confirmed for the wrought steel in ref. [4] . Finite element idealization of shaft and boundary conditions. The shapes and dimensions of the shaft and the coil for the induction hardening used in this FEM analysis are shown in Fig.5 . As the shaft material the sintered metal H130 was used and as the coil material copper.
The FEM analyses were made on a half axisymmetric shaft model shown in Fig.6 , considering the symmetry of the shaft and coil shapes and the uniformity of the heat treatment condition in the circumferential direction to reduce the time and work required for the computation. In the electromagnetic field analysis, the region to be analyzed consists of three parts of shaft, coil and air as shown in Fig.6 . Nodes at r = 0 mm in Fig.6 were given the specified boundary condition. The temperature of the coil is assumed as 20°C because of being cooled in the water held at 20°C. In the heat conduction analysis, the region of only the shaft in Fig.6 was used. In the heating process, the shaft was heated to a hardened temperature (930°C) from 20°C. In the cooling process, the shaft was cooled in the water held at 20°C. In the elastic-plastic stress analysis, the same region as in the case of the heat conduction analysis was used. Nodes on z-axis in Fig.6 were constrained in the radial direction and free in the axial direction. And nodes on r-axis were constrained in the axial direction and free in the radial direction. show amounts of heat at the middle section and at the surface, respectively, of the sintered metal (H130) shaft and the wrought steel (S35C) shaft due to the induction heating for the initial temperature T=20°C. It is seen from Fig.7 (a) that is almost zero near the centre of the shaft and becomes rapidly larger with getting to the surface of the shaft and that the increasing rate (skin effect) at the surface is much larger in S35C shaft than in H130 shaft.
at the surface of the shaft increases with increasing electric power P and frequency f in the both shafts. And the at the surface [ Fig.7 (b) ] decreases near the end of the shaft in the case of S35C shaft but does not in the case of H130 shaft.
Temperatures during induction hardening process. Figure 8 shows the changes of temperatures at each position in the middle cross-section (z=0 mm) of the shaft during the induction heating and water cooling processes for P=50 kW, f=200 kHz. In the hardening condition, after the temperature at the whole surface of the shaft reached the hardening temperature (930°C), the shaft was cooled in the water held at 20°C. It is seen from Fig.8 that the temperatures near the surface increase rapidly in the heating process, decrease rapidly at the beginning of the cooling process, and then become lower than those near the centre (r=0 mm) of the shaft. The maximum temperature near the centre of the shaft is larger for H130 shaft than for S35C shaft. This might be considered because t h e s k i n e f f e c t i s l a r g e r f o r t h e w r o u g h t s t e e l t h a n f o r t h e s i n t e r e d m e t a l . P=50kW, f=30kHz
(t h =0.55 s) Figure 9 shows the distributions of temperature in the middle cross-section of the shaft during the induction heating process for various heating conditions. The temperature near the surface increases rapidly and the temperature near the centre remains almost the initial temperature with the lapse of time for P=50 kW, f=200 kHz, while not only the temperature near the surface but also the temperature near the centre increases for P=10 kW, f=200 kHz. The difference in temperature between surface and centre at the end of the heating process increases with P and is smaller for the sintered metal than for the wrought steel. This might be because the skin effect of the sintered metal is smaller than that of the wrought steel. Figure 10 shows the contour lines of temperature at the end of the heating process for various heating conditions. It is seen from Fig. 10 that the position of the maximum temperature at the end of the heating process is the surface of the end of the shaft irrespective of heating condition in the case of H130 shaft, is the middle surface of the shaft for f=30kHz and the surface of the end of the shaft for f=200kHz in the case of S35C shaft. The space between adjacent contour lines increases with decreasing P and f.
Residual stresses due to induction hardening. Figure 11 shows the residual stress distributions in the middle cross-section of the H130 shaft due to the induction hardening of P=50kW, f=200kHz.
The axial and circumferential residual stresses (σ z *, σ θ *) at the surface are compressive stresses. Figure 12 shows σ z * and σ θ * at the surface of H130 shaft and S35C shaft for P=50 kW, f=200 kHz. It is seen from Fig. 12 that maximum values (σ zmax *, σ θmax *) of the H130 shaft are smaller than those of the S35C shaft. Figure 13 shows the maximum axial and circumferential residual stresses (σ zmax *, σ θmax *) of the H130 and S35C shafts for various P and f. It is seen that the optimum heating condition (P, f) for σ zmax * and σ θmax * is selected on the basis of the results of Fig.13 .
Conclusions
The main results obtained from this investigation are summarized as follows.
(1) Amounts of heat of the shaft due to the induction heating are almost zero near the centre of the shaft and become rapidly larger with getting to the surface of the shaft and that the increasing rate (skin effect) at the surface is much larger in wrought steel (S35C) shaft than in sintered metal (H130) shaft.
at the surface of the shaft increases with increasing electric power P and frequency f in the both shafts. (2) The difference between the temperatures of the surface and of the centre at the end of the heating process increases with P and is smaller for the sintered metal than for the wrought steel.
(3) Axial and circumferential compressive residual stresses σ z *, σ θ * at the surface of the H130 shaft due to the induction hardening are smaller than those of the S35C shaft. (4) The map for selecting the optimum heating condition (P, f) for the residual stress of the H130 shaft due to the induction hardening was indicated.
